Introduction
Embryologists and oncologists are interested in each others domains because the molecular pathways, cellular activities and pathways that regulate development and cancer are similar, yet display subtile differences (Hodges and Rowlatt, 1994) . Both cancer cells and embryonic cells express a plastic, multipotent phenotype. Embryonic development implicates cell proliferation and spatial reorganisation of cell populations creating typical organ-and tissue-specific phenotypes to the benefit of the organism. Tumor development implicates similar activities creating a "distorted but recognizable caricature of the tissue from which they are derived", yet resulting in the destruction of the organism (Tarin, 2006) .
Molecules expressed during embryogenesis and downregulated in adult tissue are re-expressed in tumors. Most cited examples are oncofoetal antigens the first proteins that were used as circulating tumor markers.
The expression of such molecules may explain why the embryonic environment influences the cancer cell phenotype. In coculture with human embryonic stem cells , used as a surrogate embryonic environment, the aberrant expression and secretion of the TGF-b-was directly associated with the reprogramming of the cancer cells towards a less malignant phenotype. These experiments show that cancer cells not only express embryonic signaling pathways but are also sensitive to the embryonic modulators of these pathways. Alternatively, the embryonic environment may "prime" cancer stem cells, as exemplified by the intrauterine hormonal and nutritional milieu being an independent correlate of breast cancer risk in adulthood. Such "fetal origins of breast cancer" are explained by epigenetic modifications leading to changes in mammary gland development, that render the epithelial stem cells more sensitive to malignant transformation (Hilakivi-Clarke et al., 2006) .
Invasion, the local occupation by cancer cells of tissues other than their tissue of origin, and metastasis, the occupation by cancer cells of distant organs, are the hallmarks of malignancy and a major cause of therapy failure. These phenotypes depend upon the interaction between the cancer cells and the host tisue, called respectively the "seed" and the "soil" by Stephen Paget in 1898. The "seed" and "soil" theory has been firmly substantiated and its molecular basis is by now well documented, the "seed" being renamed to the cancer initiating cell or cancer stem cell and the "soil" to host factors, stroma or microenvironment (Fidler and Poste, 2008) . Together this interaction establishes ecosystems that constitute the basis of the disease called cancer (Mareel et al. , 2009) . It mimicks the ecosystems that support the development of the normal organism with one striking difference: Metastasis, implicating transport through the vasculature of non-hematopoietic cells, is a rare event in embryonic development.
In the present review, we will apply the ecosystem concept of invasion and metastasis to mammary cancer and mammary gland development. The following ecosystems will be considered: Cellular ecosystems comprising molecular pathways that steer the cellular activities involved in programs of invasion and metastasis; Subpopulations of epithelial cells interacting with each other; Epithelial and stromal compartments interacting with each other within distinct cancerous or normal ecosystems; Distant ecosystems, interacting through the circulation and comprising primary tumors, endocrine organs, bone marrow and distant metastases.
Citation of the literature will not be exhaustive and priority will be given to references that were not included in our previous review (Mareel et al., 2009 ).
Cellular ecosystems: programs of invasion
Invasion and metastasis, considered as a multistep invasion process, operates on the basis of programs, implicating various cellular activities, namely proliferation, cell-cell adhesion, cell-matrix adhesion, proteolysis, migration and survival via escape from apoptosis, from anoikis or from other forms of cell death. These activities mobilize molecular pathways within cellular ecosystem (Fig. 1) . In older reviews we have associated each of these activities with an index molecular complex, which is, however, also implicated in one or more of the other cellular activities. Moreover, these molecular complexes do branch and interact with other pathways so establishing an extremely complicated and very flexible intracellular ecosystem, that might be approached through the discipline of systems biology. In such ecosystems, modulation of one element may change the whole system. Pathways implicating molecules of the same families building similar networks are operative in mammary cancer invasion and in gland morphogenesis. In the latter, more emphasis was put on phenotypes, like terminal end bud formation, branching and involution, than on separate cellular activities. Important and not discussed in detail in the present review is the influence of hormones on these pathways.
Growth factors and their receptors, many of which belong to the tyrosine kinase family, not only modulate cell proliferation but also signal to migration, cell-cell adhesion and survival, as is suggested by double names like SF/HGF and as illustrated by the EGFR pathway (Sabe et al., 2009) . Growth factor receptors, their agonists and their antagonists involved in branching morphogenesis are listed by Fata et al. (2003) and by Sternlicht (2005) . Kinetics may determine the cellular response to growth factors signallling through the same pathway. In primary mammary organoids isolated from virgin mice, the duration of activation influences the response of the ecosystem. Sustained (1 hour) activation of MAPK by TGF-a leads to branching, whereas transient (15 minutes) activation of MAPK by FGF-7 causes growth but no branching (Fata et al., 2007) .
Survival at ectopic sites, local tissues or distant organs, through escape from anoikis, a particular form of apoptosis, is a prerequisite for cancer invasion and metastasis. Accordingly, higher expression of the death receptor gene Fas is associated with a better prognosis (Kumar et al., 2000) . During mammary gland involution apoptosis serves a physiological role; genes involved in this process are listed in Kumar et al. (2000) . A family of inhibitors-of-apoptosis-proteins are downregulated prior to gland involution. Such proteins have BIR domains that target them to inhibit caspases and they are counteracted by the activator of caspase SMAC and by the stressregulated endoprotease OMI ( Owens et al., 2010) .
The E-cadherin/catenin complex interacting with its homologue on a neigbouring epithelial cell is primarily associated with epithelial cell-cell adhesion and, therefore, an essential element of the development of epithelial structures like the mammary gland. One of its elements, namely b-catenin, plays a pivotal role in the Wnt-signaling pathway driving cell proliferation (Hatsell et al., 2003) . In cancer, the E-cadherin/catenin complex is considered as an invasion-suppressor. In lobular breast carcinoma, E-cadherin is downregulated by inactivating mutations; in ductal carcinoma the downregulation is transient and sometimes associated with upregulation of other cadherins like P-cadherin and N-cadherin, both being considered as invasion promoters and markers of worse prognosis (Berx and Van Roy, 2001 ). Normally, E-cadherin is expressed by mammary epithelial cells, whereas P-cadherin is found in myoepithelial cells and in cap cells of the ductal terminal end buds.
Integrin is the common name of 24 heterodimeric combinations of an a and an b subunit. They span the plasma membrane, regulating cell-matrix adhesion by forming inside complexes with multiple intracellular components, most prominently FAK, and outside complexes with the elements of the ECM. Through their impressive panel of intracellular signalling pathways they influence also the other cellular activities that are implicated in cancer invasion and mammary gland development (Katz et al., 2007; Kass et al., 2007; Pontier and Muller, 2009; Guan, 2010) . For example, the tyrosine kinase cell surface receptor ErbB2-mediated anchorage independence and escape from anoikis requires integrin a5 (Haenssen et al., 2010) . Also implicated in mammary gland branching and cancer invasion are nonintegrin ECM receptors, such as galectin and the DDR1 tyrosine kinase (Fata et al., 2003) .
Proteases, mainly MMPs and their inhibitors, operating as secreted molecules or anchored at the plasma membrane, serve matrix degradation creating roads for invading cells in cancer and for epithelial branching during mammary gland development (Radisky and Radisky, 2010) . Next to paving the way for migration, MMPs affect branching morphogenesis through proteolysis of the ECM, causing loss of ECM/integrin signalling and generating bioactive ECM fragments as well as growth and motility factors that are sequestered by the ECM. Moreover, MMPs loose cellcell adhesion molecules and shed soluble fragments that initiate autocrine morphogenic signalling (Fata et al., 2003; Sternlicht, 2005) . All these molecules serve as signals for most if not all cellular activities and their index molecular complexes. Some MMPs are asssociated with specific stages of evolution, e.g. MMP2 with ductal elongation and MMP3 with lateral branching. That epithelial cells can migrate through the covalently cross-linked natural ECM in a protease-independent amoeboid way has been questioned (Saheb et al.,,2008) . Motility factors are found amongst the abovementioned growth factors; they signal through receptor tyrosine kinases, such as EGFR and the scatter factor receptor c-MET. Chemokine receptors are GPCRs, responding to one or more chemokines and linked to a cascade of downstream signals, explaining why chemotactic cytokines modulate directed migration, as well as proliferation and apoptosis (Ali and Lazennec, 2007) . Highly expressed in breast cancer are the receptors CXCR4, binding CXCL12, and CCR7, binding both CCL19 and CCL21 ligands. CCL 21 is abundant in lymph nodes explaining the prevalence of breast cancer metastasis to this lymphoid organ. Chemotactic migration onto various chemokines of cancer cells expressing these receptors is demonstrated in transwell assays. Stimulation of proliferation is more restricted to the receptors for CXCL12, namely CXCR4 and CXCR7. Cancer cells produce also chemokines, implicated in recruitement of leukocytes and endothelial cells expressing the cognate receptors. Endothelial cells may also express the decoy receptor, DARC, interacting with the metastasis suppressor KAI1 to induce senescence of the extravasating cancer cell (Iiizumi et al., 2007) .
The cursory overview of signalling from the index molecular complexes illustrated in Fig. 1 demonstrates the complexity of the intracellular ecosystem and its great versatility in expressing invasion-related programs in cancer and in mammary development. Much discussed examples of such programs are EMT and MET describing transitions between the epithelial and the mesenchymal phenotypes and illustrating similarities between cancer invasion and metastasis as compared to developmental invasion (Kalluri and Weinberg, 2009; Micalizzi et al., 2010) . The completion of EMT is characterized by degradation of the epithelial basement membrane and formation of a mesenchymal cell that can migrate away from its epithelium of origin. Next to invasion, EMT/MET has other functional consequences that contribute to the maintenance of the tumor, namely escape from host immune attack and resistance to therapy.
EMT has been categorized into three subtypes based on the biological context in which they occur and each subtype is characterized by a panel of molecular markers. Type I occurs in embryonic development. Type II is associated with inflammation and occurs in fibrosis and wound healing. Type III occurs in cancer; here, MET is described in metastases, after vascular transport of cells that underwent EMT (Zeisberg and Nelson, 2009) .
At secondary branching, terminal end buds bifurcate under regulation by EGF, SF/HGF and MMPs, proteins that are also implicated in cancer-associated EMT. Subramani and Alahari, (2010) .
EMT regulators like the transcription factors SNAIL/SLUG and TWIST, the homeobox protein SIX1 along with interconnecting signaling pathways including Wnt, TGF-b and other growth factors, RAS and other GTPases, are implicated in mammary development and are frequently misexpressed in breast cancer (Guarino et al., 2007; Micalizzi et al., 2010) . Affymetrix gene profiling revealed 28 named genes that are involved in EMT, TGF-b and Wnt signaling and that were differently expressed in invasive ductal carcinoma as compared to lobular carcinoma (Turashvilli et al., 2007) . In a cohort of triple-negative, ER-, PR-and HER2/neu-negative, breast cancers, Henessy et al. ( 2009) found a naturally occuring relatively chemoresistent subset that were enriched in EMT and stem cell characteristics. The importance of EMT/MET in cancer progression has been a matter of debate, as discussed previously (Mareel et al., 2009) . In particular, the lack of molecular markers for EMT-derived cells leaves us with the possibilty that they are of stromal and not of epithelial origin. Direct evidence for EMT in breast cancer came from experiments with transgenic MMTV tumor-bearing mice, in which tumor epithelial and stromal cells were genetically marked in an independent manner so that their fate could be determined during tumor progression (Trimboli et al., 2008) . In this model, EMT was a rare event and it appeared to be driven by the oncogene myc, in line with the observation that in human breast cancer EMT is associated with myc amplification. The authors concluded that neither in their transgenic mice nor in human, EMT is a prerequisite for invasivenes and metastasis but rather facilitates it. What constitutes the essential difference between the well-defined developmental EMT, and the less predictable cancer EMT is an open question.
Interaction between various subpopulations of the epithelial compartment
Epithelial cell compartments, in the normal mammary gland and in cancers, are heterogeneous (Fig. 2) . They are derived from stem cells evolving into various subpopulations that dynamically interact with one another. Such interaction has been coined cooperativity, community effect, or heterotypic signaling. Stem cells constitute an essential subpopulation as they have self-renewal capacity and the ability to differentiate into multiple cell types. The non-epithelial compartment is described as the stroma (cfr infra). The fact that the epithelial cells may take phenotypes resembling stromal cells, a phenomenon termed mimicry, transdifferentiation or transition, has lead to confusion about strict separation of the two compartements (Monks et al., 2008) .
Epithelial stem cell interaction
The first proposal for human breast epithelial stem cells came from the analysis of tissue cultured normal breast epithelium (Hammond et al., 1984) . The difficulties in using such cell lines for human breast cancer-specific malignant transformation are discussed by Petersen and Polyak (2010) . They concluded that "whereas human breast epithelial stem cells may exist within the basal layer, the luminal compartment or its reprogrammed equivalent can also provide precursor cells for breast cancer". Such aberrant luminal progenitors with the stem cell growth factor tyrosine kinase receptor c-KIT as a key marker, provide a candidate target population for basal tumor development in carriers of BRCA1 mutations (Lim et al., 2009) . CSCs are sensitive also to changes in the tumor ecosystem. For example, repetitive cycles of hypoxia and reoxygenation may lead to the enrichement of breast CSC (CD44-positive/CD24-negative/ESA-positive) in populations of MDA-MB231 and BCM2 cells (Luoie et al., 2010) . This subpopulation may be the seeds of metastasis in line with the observation that CD44-positive/CD24-low or -negative cells in parafin sections from untreated primary tumors mark a higher frequency of distant metastasis, particularly in the bone (Abraham et al., 2005) .
At the stage of branching morphogenesis, the epithelial com- partment of the mammary gland terminal end bud consists of luminal epithelial cells, myoepithelial cells, body cells and cap cells (Sternlicht, 2005) . They interact with one another, as exemplified by the laminin-like protein NETRIN-1 produced by the body cells, binding to its receptor neogenin on cap cells and so stabilizing the cap. Interaction between these epithelial cells participates at the collective cell migration that drives branching morphogenesis (Friedl and Gilmour, 2009; Rorth, 2009) as evidenced by dynamic morphological observations on freshly isolated mammary epithelium in 3-dimensional Matrigel gels (Ewald et al., 2008) . Terminal end buds are different from quiescent ducts : they have muliple luminal cell layers, are enriched in mammary stem cells and show high levels of proliferation. They reorganize into a multilayered epithelium, migrate collectively and rearrange dynamically but they remain adherent to one another keeping their E-cadherin/catenin complexes at cell-cell contacts. Myoepithelial cells are put forward as regulators of this dynamic tissue architecture. How the moving buds find their direction remains, however, unclear.
Interactions between cancer cell populations
Cancer cell populations are heterogeneous, also with regard to their invasive and metastatic competence, and this heterogeneity is created partly through interaction with the host, (Nicolson et al., 1978) . Subpopulations may interact to stimulate or to retard tumor development and progression at both the primary and the metastatic site. Such interaction was termed community effect by Jouanneau et al. (1994) using the rat NBT-II bladder cell model where interaction through acid FGF resulted in tumor progression with shortening in the delay of metastasis. A community effect, also called class action, applies to cancer cells which fail to metastazise by themselves but facilitate the metastasis by other cells at three steps (Bidard et al., 2008 and refs cited there): One. During invasion through the ECM, collective migration represents an efficient dissemination strategy, with primary migrating cells changing the ECM, creating tunnels and conditioning the substrate. The mode of migration may even determine the route of metastasis, lymphatic spread being restricted to collective migration and hematogeneous spread associated with single cell migration. Emboli of heterogeneous subpopulations are another example of the efficiency of collective migration in metastasis. Two. Premetastatic niche conditioning may occur through the release of nonmetastatic cells into the circulation. Such cells are found, indeed, in the circulation of nonmetastatic primary tumors. They may condition the metastatic ecosystem by activation of the endothelium and cluster formation, permitting homing of waves of circulating cancer cells. Bidard et al., (2008) suggest that the chemokine-secreting subclones of the primary tumor are responsible not only for the recruitment of metastasis-facilitating bone-marrow cells (cfr infra) but also serve as a niche for other tumor subclones. The observation that the combination of cancer cells in the bone marrow detected 3 years after treatment together with circulating cancer cells heralds a worse prognosis (Wiedswang et al., 2004 ) is in line with Bidard's (2008) opinion that the bone marrow cancer cells condition the niche where the circulating cancer cells will ultimately form a metastasis. Three. Final growth and formation of macrometastases may result from the colonization of micrometastases, explaining the heterogeneity of metastasis and the similarities in genetic profiles between primary tumors and distant metastases (Mareel et al., 2009) . Cooperativity at the ecosystem of metastatic colonization, providing an alternative interpretation of EMT/MET in metastatic cancer has been put forward by Tsuji et al. (2009) . Cells that underwent EMT are responsible for invasion at the primary site and extravasation at the site of metastasis, where they are, however, unable to proliferate. They pave the way for non-EMT cells that do colonize the niche and form macrometastases, so that MET is not needed to explain the epithelioid, E-cadherin-positive character of the metastases. Cooperativity between subpopulations of cancer cells and sequential homing in waves may be one possible way to explain metastatic dormancy (Suzuki et al., 2006) .
Interaction between benign and malignant epithelial cells
Mixed cultures of cells, used as surrogates for more benign and more malignant epithelial subpopulations, suggest both stimulation and inhibition of cancer cells by adjacent more benign epithelial cells. Examples of stimulation include: MCF-10A cells enhancing the transformed phenotype of MDA-MB231 cells, evidenced by colony formation and tumorigenicity and explained as contact-mediated stimulation of MDA-MB231 by autocrine growth factors (Poczobutt et al., 2010) ; Induction of MCF-7 cell motility by human mammary epithelial cells HMEC or their conditioned medium through as yet unknown factors (Carpenter and Nguyen, 1998); Stimulation of invasion of three breast cancer cell lines through long-term co-incubation with conditioned medium from normal breast epithelial cells HB2 through an HB2 cell-released chemokine CXCL12 binding to the cancer cell-expressed CXCR4 receptor leading to overexpression of uPAR (Serrati et al., 2008) . Examples of inhibition include: Normal mammary epithelial cells NME retarding growth of MCF-7 cells (Quarrie et al., 1999) ; Normal breast epithelial cells NBEC inducing p53-dependent apoptosis and p53-independent cell cycle arrest of breast cancer cells (Toilon et al., 2002) ; Conditioned medium from noninvasive breast cancer cells MCF7 that overexpress microRNA 17/20 interfering with MDA-MB-231 cell migration and invasion through inhibition of heterotypic secreted pro-migratory signals (Yu et al., 2010) . In experiments with the MCF-7 cell family, a minority of noninvasive MCF-7/AZ cells corrected loss of cell-cell adhesion in a majority of invasive MCF-7/6 cells (Fig. 3) . Also considered as suppressors of cancer cell invasion are myoepithelial cells as reviewed earlier (Mareel et al., 2009) .
Interaction between stromal and epithelial compartments
The stromal compartment consists of resident and recruited cells, most of mesenchymal origin, and their products coined ECM. The stroma is separated from the epithelium by an intact basement membrane, partly produced by the epithelium. In cancer the basement membrane is degraded, bringing both compartments into direct contact and initiating neovascularisation, influx of inflammatory cells and extensive remodeling of the ECM. The ECM forms an informational entity per se in the sense that it receives, imparts, and integrates structural and functional signals (Hodges and Rowlatt, 1994) . Mutual interactions between stroma and epithelium modulate embryonic organogenesis, adult maintenance of organ homeostasis and cancer development. Such interactions not only promote but also suppress cancer progression sometimes through subtypes of the same type of cells (Bissell and Hines, 2011) .
Embryonic mammary epithelium when recombined with salivary gland mesenchyme undergoes a kind of branching that resembles morphogenetically salivary gland, though the epithelium remained sensitive to endogenous hormonal stimuli with production of milk proteins (Sakakura et al., 1976) . Hormonal modulation of organogenesis acts through epithelium-induced expression of hormone receptors on the mesenchym, which on its turn is directed by the hormones to influence the epithelium (Heuberger et al., 1982) . Recombinations of tissues from androgen-insensitive and wild type mice in vitro showed that testosterone induces detachment and degeneration of mammary buds via the mesenchym (Drews and Drews, 1977) . Key endocrine pituitary and ovarian signals that regulate mammary branching morphogenesis via stromal cells are summarized by Sternlicht (2005) .
It was the work of Paul Basset that revealed the participation of stromal factors at cancer invasion (Basset et al., 1990; Masson et al., 1998) showing the crucial role of the secretion by stromal cells of matrix metalloproteinase MMP-11 (stromelysin 3) in mammary cancer (Fig. 4) . Intercompartmental interactions are not limited to the primary tumor but also take place in metastasis. For example, stromal cells and ECM implicated in breast cancer liver metastasis comprise: hepatic stellate cells; Küpffer cells; several types of collagen and laminin (Tabariés and Siegel, 2011) , Also involved at this secondary site are the normal parenchymal cells, in casu hepatocytes. The elements of the stromal compartment do interact not only with epithelial cells but also with one another, as detailled for the interaction of myofibroblasts with various other stromal cell types in our previous review (Mareel et al, 2009 ). Their behaviour is modulated by the ecosystem as evidenced by spinning disk confocal microscopy visualizing stromal cells in living mice and
Endothelial cells and angiogenesis
The participation of blood-and lymphangiogenesis at tumor progression has been extensively covered by the recent literature. The overall scenario describes a paracrine modulation through the balance between suppressors, such as angiostatin, and promoters, belonging to the VEGF family, produced by the cancer cells, binding to their cognate receptors on the endothelial cells and so stimulating proliferation, migration and ectopic survival (Cebe-Suarez et al., 2006) . VEGF is highly expressed in breast cancer and it represents a major target for therapy (Ellis and Hicklin , 2008) .
In view of the ecosystem concept, it is of interest to consider the hormone-sensitivity of angiogenesis. Estrogens and progestins may stimulate the expression of VEGFs in breast cancer cells (Hyder et al., 2009a; Mafuvadze et al., 2010) . One possible mechanisms is through binding of the E2/ERa complex to the promoter of HIF-1a a well know stimulator of VEGF transcription (Ogba et al., 2010) . In genetically manipulated MCF-7 cells, the ERa complexes interact with c-MYC to bind to the VEGF promoter (Dadiani et al., 2009) . Nuclear accumulation of angiogenin, a member of the RNase superfamily, is essential for angiogenic activity and its increased expression may transform normal breast tissue into invasive carcinoma. Angiogenin is stimulated by E2 and counteracted by the ER antagonist tamoxifen (Nilsson et al., 2010) . Using breast cancer cell lines, Harfouche et al. (2011) showed a negative correlation between the expression of angiopoietin -1, a ligand for the endothelial tyrosine kinase receptor Tie-2, and levels of ERa and a positive correlation with angiogenesis. Angiopoietin -1 was downregulated by E2 in an ERa-dependent manner and differences showing that the migration of leukocytes, macrophages and fibroblasts differs pending upon the environment within the same mouse (Egeblad et al., 2008) .
Pathological examination of tumors reveals the participation of the stroma as: Angiogenesis with newly formed blood vessels and lymph vessels; Inflammation and immune response represented by leukocytes and macrophages; Desmoplasia consisting of carcinoma-associated fibroblast (CAFs) and ECM. Participating at the establishment of the ecosystems also are: adipocytes, nerves and, in bone metastasis, osteoblasts and osteoclasts.
between ERa-positive and ERa-negative tumors disappeared after ovariectomy. Other angiogenic molecules are also sensitive to estrogens and progestins, as exemplified by trombospondin-1 (Hyder et al., 2009b) .
The normal mammary gland, as analyzed by the mercox methyl methacrylate corrosion cast technique, displays angiogenic expansion during pregnancy and lactation through sprouting and intussusception respectively ; during involution, ordered regression takes place through collapse of the honeycomb structures, capillary retraction, endothelial attenuation B A B A and apoptosis ( Djonov et al., 2001) . VEGFs and VEGFRs are increased during pregnancy and lactation in both the epithelium and the stroma; such response of VEGF/VEGFR to physiological needs is in striking contrast with the sustained elevation in breast cancer (Pepper et al., 2000; Islam et al., 2010) . Inactivation of VEGF in the epithelium of transgenic mice compromises mammary gland development and function (Rossiter et al., 2007) . The endogenous antiangiogenic splice isoform of VEGF, VEGF165b, is normally expressed in nonlactating human and mouse breast and is down-regulated in wild type mice during lactation. Transgenic mice show that this downregulation is a prerequisite for effective milk production (Qiu et al., 2008) ,
Leukocytes, macrophages, inflammation and immunity
Today, the role of immunity and inflammation in cancer progression is a major issue (Egeblad, 2008; Grivennikov et al., 2010) and macrophages are considered by some authors as obligate partners for cancer cell migration, invasion and metastasis; they are put forward as crucial therapeutic targets (Condeelis and Pollard, 2006; Hagemann et al., 2005; Sica et al., 2006) .
Recent clinical observations support the protumoral role of M2 subtype macrophages called TAMs (Laoui et al., 2011) . In two independent cohorts of breast cancer, proliferating TAMs marked as CD68-and PCNA-positive were associated with poor prognosis (Campbell et al., 2010) . The decreased incidence but increased cancer aggressiveness associated with parity is explained by an increase in the macrophage population as demonstrated in primiparous as compared to virgin rats (Zhao et al., 2010) . During postlactational regression, mammary cells develop a program with secretion of cytokines, IFN-g, IL-12a, IL-4 and IL-13, signaling through STAT3 and NF-kB and associated with an acute inflammatory response (Watson, 2009 ). The postpartum involuting mammary gland shows an eightfold increase in M2 macrophages, with a phenotype determined by high arginase and low inducible nitric oxide synthase in mouse and by mannose receptor expression in humans. Peaking also are M2 cytokines, IL-4 and IL-13 (O'Brien et al., 2010) .
Mechanisms of interaction between breast cancer cells and macrophages comprise: Mutual triggering of the expression of IL-1b in both cells, leading to increased COX-2 in cancer cells via the ROS/ SRC/ MAPK/AP-1 pathway as evidenced by cocultures of THP-1 cells with HCC1937 cancer cells (Hou et al., 2011) ; Secretion of very high amounts of HSP27 by cancer cells causing differentiation of monocytes to macrophages that lose tumoricidal activity and become pro-angiogenic (Banerjee et al., 2011); Transcription factor FRA-1-dependent stimulation of invasion, angiogenesis and metastasis in 4T1 cell populations by RAW macrophage production of MMP-9, VEGF, TGF-b (Luo et al., 2010) ; Feed-forward loops with activation of NF-kB in leukocytes inducing production of cytokines that activate NF-kB in cancer cells followed by production of cytokines that attract more leukocytes into the tumor (Grivennikov et al., 2010) . Macrophages may also mediate effects of other stromal cells or act through them. Loss of TGF-b signalling in mammary fibroblasts leads to an increase in secretion of the cytokine CCL2 causing progression of 4T1 tumors either through direct action on the cancer cells or through recruitment of macrophages (Hembruff et al., 2010) . In three mouse models, the prometastatic program in macrophages is driven by the transcription factor ETS2, suppressing anti-angiogenic genes. Accordingly, in human cancers an Ets2-TAM expression signature retrospectively correlated with overall survival (Zabuawala et al., 2010) .
Tumour-infiltrated regulatory T cells stimulate mammary cancer metastasis through RANKL-RANK signalling to IKK-a causing suppression of the antimetastatic serinproteinase inhibitor maspin and favouring survival of circulating metastasis-inducing cancer cells (Tan et al., 2011a) . Immunostaining of sections from experimental and human tumors showed a pattern of CD4/CD25/FOXP3-postive regulatory T cells that were identical to the pattern of RANKL-positive cells; both kind of positive cells were in contact with a-SMA-positive CAFs. A probable scenario is that CAFs express CCL5 attracting CCR1-expressing regulatory T cells that produce RANKL and so promote metastasis in RANK-positive tumors. Regulatory T cells also secrete IL-4 and IL-13 activating M2 macrophages and so stimulating metastasis (DeNardo et al., 2009 ). These observations explain why immunosuppressive T cells are associated with aggressive breast cancer phenotypes, such as triple-negatives and higher Nottingham scores (Bohling and Allison, 2008 ) and lead to a worse outcome when present and activated in lymphoid infiltrates surrounding breast cancer (Gobert et al., 2009 ).
Myofibroblasts and desmoplasia
The pro-invasive and pro-metastatic activity of myofibroblasts in breast and other tumors have been recently reviewed (De Wever et al., 2008; Abboussekhra, 2011) . The scenario describes the conversion, by the non-invasive cancer cells, of fibroblasts into pro-invasive myofibroblasts. This scenario is refined by the participation of interstitial flow stimulating MMP activity and, so, making TGF-b more available, degrading collagen and enhancing fibroblast migration (Shieh et al., 2011) . Phenotypically, CAFs closely resemble myofibroblasts, first defined ultrastructurally by Gabbiani and colleagues in experimental wound-healing (Gabbiani et al., 1971) . They are characterized by abundant rough endoplasmic reticulum, smooth muscle actin filaments and a fibronexus comprising the extracellular component of the cell-to-matrix junction. Markers for the identification of myofibroblast include: vimentin, a-SMA, non-muscle myosin and EDA-fibronectin.
Gene expression profiles of laser-capture microdissected tumorassocated host cells from primary breast tumors yielded prognostic signatures associated with a poor disease-specific survival (Finak et al., 2008) . Serum-activated fibroblast cultures showed a signature with genes implicated in tissue remodeling, migration, angiogenesis and inflammation. This "wound-response" signature heralded reduced overall survival and distant metastasis-free survival in breast cancer (Chang et al., 2005) . A large number of the proteins encoded by genes in the abovementioned signatures are expressed by myofibroblasts, as evidenced by immunohistochemical analysis of breast tumors. Interestingly, CAFs are stimulated by estrogens via a nuclear alternate estrogen receptor GPR30 that interacts directly with EGFR and so signals to immediate early gene expression (Madeo and Maggiolini, 2010) .
The prognostic significance of CAFs is illustrated also by their increased expression of PDGF-bR, lysyl oxidase-like-2, caveolin-1 and CD10 in cancers with worse outcome (Paulsson et al., 2009; Sloan et al., 2009 ). Probability of distant metastasis was predicted independently by immunohistochemical analysis of myofibroblastassociated a-SMA (Yamashita et al., 2010) . Paracrine and autocrine communication between CAFs and cancer cells and CAFs and other stromal cells implicates multiple ligands, recognizing their cognate receptor on the partner cell; it contributes to the transition from the "normal" to the pro-tumoral state of the stromal cells (Mareel et al., 2009 ). In the primary tumor ecosystem, resident human mammary fibroblasts acquire TGF-b and CXCL12 -mediated autocrine signaling loops, that gradually increases their tumor-promoting abilities (Kojima et al., 2010) . TGF-b mediates the transition from fibroblasts into myofibroblasts and is, by this way, a stimulator of invasion (Casey et al., 2008) . In a murine model of mammary carcinogenesis, oxidative stress, with production of ROS, increased the transition of fibroblasts into myofibroblasts through downregulation of junD with upregulation of HIF-1a and CXCL12 and, so, potentiated metastasis (Toullec et al., 2010) . In human HER2/neu-positive tumors nuclear exclusion of junD was associated with a high proportion of myofibroblasts, senescenceassociated pro-inflammatory cytokine secretion, characterized by IL-6 and IL-8 and a higher nodal status. Senescent fibroblasts turn premalignant cells into fully transformed invasive cancer cells (Parrinello et al., 2005) .
Stromal fibroblasts may also counteract the tumor. Targeted genetic inactivation of PTEN encoding a tumor suppressor phosphatase, in resident tissue fibroblasts of mouse mammary glands accelerated the initiation and progression of ErbB2-driven mammary epithelial tumors, characterized by massive accumulation of collagen type I and infiltration of F4/80-positive macrophages (Trimboli et al., 2009 ). Using such tumor-suppressor PTEN mouse model for co-evolution of tumor and stroma, Wallace et al. (2010) distinguish between 5 types of breast cancer (Basal; HER2-positive/ ER-negative; Normal-like; Luminal A; Luminal B) combined with 5 stromal subtypes.
In the developing mammary gland, senescent fibroblasts disrupt epithelial alveolar morphogenesis, functional differentiation and branching morphogenesis (Parrinello et al., 2005) . Using reciprocal transplantation in transgenic mice and in vitro recombination of mammary cells, Vaught et al. (2009) put forward a scenario in which SF/HGF produced by mesenchymal stroma and binding to their c-MET receptor on epithelial cells interacts with EphA 2 receptor tyrosine kinase on the epithelial cells leading to downregulation of the small GTPase RhoA and to branching morphogenesis.
Adipocytes and the mammary fat pad
The mammary fat pad, the stromal compartment of the mammary gland, is rich in adipocytes. The latter are vital for the development of the mammary gland as reviewed by Hovey and Aimo (2010) . Local cancer cell invasion or branching of the normal gland inevitably brings the epithelium in contact with adipocytes. Like CAFs, cancer-associated adipocytes exert pro-invasive activities (Tan et al., 2011b) ; there are arguments to accept that adipose tissue-derived stem cells generate CAFs and that this process is stimulated by breast cancer cells (Jotzu et al., 2010) . Coculture of such cancer cells with mature adipocytes increased invasion of cancer cells and altered the adipocyte phenotype, characterized by overexpression of proteases, including MMP-11, and proinflammatory cytokines. A prominent proinvasive role is attributed to IL-6 as evidenced by its promigratory activity in vitro and its association with lymph node metastasis in human cancers (Walter et al., 2009; Dirat et al., 2010) .
Nerve cells, afferent and efferent pathways
Afferent signals, from the tumor to the nerve cells, evoke pain and stimulate neurogenesis; efferent signals, from the nerve to the tumor, such as endothelin and prostaglandins, stimulate inflammation, angiogenesis and invasion (Manthy et al., 2002) . Perineural invasion is a pathological manifestation of this mutual interaction; it indicates worse prognosis in cancers of the prostate, amongst others. In breast cancer perineural invasion is rare, as it occurs in about 1 % of the cases; it has no proven prognostic value in multivariate analysis (Karak et al., 2010; Cosar et al., 2011; Yenidunya et al., 2011) .
Osteoblasts/osteoclasts and bone metastases
The ecosystem of bone metastasis with osteoblasts and osteoclasts as key cellular players, is probably the one that has been worked out in most detail; it is a succesful target for both systemic and local treatment, as discussed in a previous Special Issue ( Vakaet and Boterberg, 2004) . Since, novel molecular players have been added to the list. For example, PlGF, an homologue of VEGF-A, is released by osteogenic cells and this is enhanced by breast cancer cells metastatic to bone. Anti-mouse PlGF inhibits both homing of cancer cells in the bone and progression of bone metastases, without affecting angiogenesis (Coenegrachts et al., 2010) . Gamma-secretase, a transmembrane multi-subunit protease complex, plays a critical role in the inhibition of osteoblast differentiation, in stimulation of osteoblast-dependent osteoclast differentiation and, as a consequence, in enhancement of attachment of breast cancer cells to bone cells in cocultures (Fong et al., 2010) . The chemokines IL-6, monocyte chemoattractant protein-1 (MCP-1), VEGF, macrophage inflammatory protein-2 (MIP-2) and keratinocyte-derived chemokine (KC) are produced by osteoblasts in higher amounts when breast cancer cells are present (Bussard et al., 2010) .
Communication between distant ecosystems
The relationship between the primary tumor and the sites of metastasis is not limited to the abovementioned multistep invasion process of cancer cells, that leave their site of origin and home at distant sites. It also implicates stromal cells traveling from the bone marrow to the primary tumor and to sites of metastasis upon signals that are released from these sites into the circulation and captured in the bone marrow or in the lymph nodes. To be added to the communicating ecosystems in breast are endocrine organs and the liver (Fig. 5) .
The relatively novel concept of the pre-metastatic niche describes alterations in the site of metastasis before the arrival of the cancer cells.
Which signals evoke these alterations?
Lymph nodes are probably the first site where signals from the tumor, namely tumor antigens, are received. For breast cancer, sentinel lymph nodes are considered as the earlier step in metastasis. There is ample evidence to accept that cancer cells are armored for metastasis, meaning that cancer cells acquire specialized functions to home and grow in particular organs, such as lymph nodes, bone, brain, etc. Using subpopulations of breast cancer cell lines and human cancers, metastatic or not, several authors have found profiles with genes encoding proteins that serve organ-specific metastasis. These profiles are different from poor prognosis profiles as evidenced by the bone metastasis signature in xenografted subclones from a pleural metastasis and confirmed by a retrospective analysis of primary tumors that did or didn't metastasize to the bone (Minn et al., 2005) .
Some metastasis-associated molecules operate in normal "metastatic" cells, such as the CD73 transmembrane protein expressed in MDA-MB-435 variants selected for lymph node metastasis and implicated in the normal lymphocyte homing process (Lee et al., 2003) . Others are expressed only at the site of metastasis and co-opted by breast cancer cells. Gene expression analysis plus functional tests of cells isolated from brain metastases put forward COX2, heparin-binding EGF-like growth factor, a ligand for EGFR, and the sialyltransferase ST6GALNAC5, as mediators of extravasation through non-fenestrated capillaries, specific enhancers of blood-brain barrier crossing and brain colonization (Bos et al., 2009) .
In the 4T1 syngeneic mouse breast tumor, the BCL-2 binding protein BNIP3, a mediator of hypoxia-induced cell death, proved to be a negative regulator of metastasis (Manka et al., 2005) . Hypoxiainduced Bnip3 expression was lowest in highly metastatic cells, intermediate in disseminating but nonmetastatic cells, i.e. cells that circulate and home to lungs but rapidly disappear. Downregulation of Bnip3 in these cells enabled them to metastasize to lungs, liver and sternum and this correlated with increase of cleaved caspase-3.
Which cells participate at the niche formation?
Sites of putative metastasis, also called destination or designated organs, undergo changes that prime the soil to receive incoming cancer cells.. BM-derived HPCs are operative in creating such a receptive ecosystem (Kaplan et al., 2005; Hiratsuka et al., 2006; Psaila et al., 2006 Psaila et al., -2007 . These authors agree that VEGFR-1-positive HPCs arrive before the cancer cells whereas VEGFR-2-positive EPCs come together with cancer cells. Other authors, using B16 melanoma and LLC lung models, doubt about the moment at which the niche cells arrive at the site of metastasis. They found that VEGFR-1-positive myeloid cells infiltrate in growing lung metastases but are not required for spontaneous metastasis formation as induced by surgical removal of the primary tumor. VEGF-1 blockade does not modulate infiltration of CD11b-positive BMDCs prior to metastasis formation; it does so, however, at later time points (Dawson et al., 2009) . A sequential scenario was proposed for primary tumors and distant metastases by Hiratsuka et al. (2011a) : smaller tumors recruit Gr-1-positive myeloid BMDCs using the CXCL12/CXCR4 pathway to activate p38MAPK; then, established tumors recruit macrophages by activation of VEGFR1-and p38MAPK in these BMDCs. In the lung, TAMs come from resident pools or from the BM. BMDCs that home in the perivascular zone amplify angiogenesis in both the primary tumor and the metastasis; and they comprise: F4/80-positive/CD11b-negative macrophages; VEGFR-positive/CXCR4-positive/CD11b-negative myeloid cells; CD11b-positive/Tie-2-positive monocytes; VEGFR-positive/CXCR4-negative hemangiocytes; CD11b-positive/VE-cadherin-negative vascular leucocytes, Gr1-positiv/CD11b-positive neutrophils; MDSCs (Kerbel, 2008) . Differences between ecosystems were described for 4T1 tumor-bearing mice having myeloid cell, mostly CD11b-positive, infiltrates in the primary tumor and granulocytic (Gr-1-positive) infiltrates in metastatic organs (DuPré et al., 2007) . The fact that BMDCs contributing to the formation of a premetastatic niche have their natural habitat in the bone marrow might explain the high tendency of cancer cells, including breast cancer, to home and develop metastases in the bone.
How does the niche attract metastatic cancer cells?
Cytokines and their receptors implicated in the communication EPC, endothelial precursor cells; HPC, hematopoietic precursor cells. LC, lymphoid cells. E, estrogen; GC, glucocorticoids; HG, growth hormone; IGF, insuline-like growth factor; LOX, lysyl oxidase; OPN, osteopontin; P, progesteron; PTH, parathyroid hormone; T3, triiodothyronine; TGF-b, transforming growth factor-beta; TNF-a, tumor necrosis factor-alpha; TSAg, tumor specific antigen; VEGF, vascular endothelial growth factor. Data from: Elkabets et al. (2010) ; Kaplan et al. (2006); Erler et al. (2009); Dupre et al. (2007) ; Hiratsuka et al. (2006) ; Psaila et al. (2006 Psaila et al. ( -2007 ; Hiratsuka et al. (2011a) between primary tumor, BM and premetastatic niche are tabulated in Kaplan et al. (2006) . Osteopontin is put forward in the systemic instigation model in which endocrine signals are sent from certain tumors (instigators) to stimulate BM cells, which are mobilized into the circulation and subsequently foster the growth of otherwise indolent carcinoma cells (responders) residing at distant anatomical sites (Elkabets et al., 2010) . These BMDCs are Sca1-positive/ cKitnegative/CD45-positive and the most upregulated gene is granulin . In human breast cancer, high granulin expression correlates with more aggressive triple-negative, basal-like tumor subtype. Disseminated tumor factors, VEGF, TNF-a, TGF-b and possibly others elicit an inflammatory state that accelerates recruitment of cancer cells to the premetastatic niche. Here, production of the calcium-binding proteins S100A8 and S100A9 induce the expression of serum amyloid SAA3 promoting recruitement of Mac1-positive myeloid cells and endothelial cells (Hiratsuka et al., 2008; Peinado et al., 2008) . Although disseminated factors are supposed to affect distant organs in a difuse way, metastases develop as a series of discrete lesions, as demonstrated in E0771 syngeneic mouse mammary cancer (Hiratsuka et al., 2011b) . Such lesions correspond with the induction of discrete foci of vascular hyperpermeability in premetastatic lungs. VEGF and other factors in the conditioned medium of cancer cells activate FAK and higher pFAK in areas of conditioned medium-induced hyperpermeability are associated with E-selectin responsible for cancer cell homing through adhesion to lung endothelium. LOX is secreted by hypoxic cells at the primary tumor and accumulates at sites of distant metastasis, where it crosslinks collagen IV, increasing adhesion of CD11b-positive myeloid cells and causing them to secrete MMP-2, a.o. MMPs (Erler JT, 2009 ). LOX-mediated recruitement of CD11b-positive myeloid cells may also downregulate immune T-cell responses (Erler et al., 2006) .
Development of the normal mammary gland is modulated mainly through interaction with endocrine glands. Hormones involved in this modulation also affect breast cancer and are of prime importance in treatment.
In contrast with cancer, spread of epithelial cells through the vasculature is a rare event during embryogenesis. Cells that leave their site of origin to home throughout the body as observed with neural crest cells , migrate through the tissues and are not transported by the circulation (Duband, 2006) . A remarkable exception are chick primordial germ cells passing from the anterior border of the area pellucida to the genital ridge via the vasculature (Bellairs, 1971 ).
Therapeutic implications of the ecosystem concept
The ecosystem concept of cancer may provide novel ideas for at least three aspects of breast cancer treatment. One. Molecular identification of tumor subtypes may lead to an individualized and more efficient treatment. For example, a tumor-associated host cell gene expression signature present in ER-negative breast tumors predicts resistance to neo-adjuvant chemotherapy with 5-fluorouracil, epirubicin and cyclophosphamide (Farmer et al., 2009) . Markers for Vala et al. (2010) .
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pre-and pertreatment imaging are needed to monitor the therapy and such markers might be found not only in the cancer cells but also in the stromal elements of the tumor (Fleming et al., 2010) . The challenge is to define the ecosystem at one time in order to estimate what would happen at later times and then design the treatment in consequence.
Two. New insights into the ecosystem and analysis of its elements may provide new targets for therapy. The finding that resection of the primary tumor improves the prognosis in advanced breast cancer fits with the cancer stem cell niche theory ( Zhang N and Yang Q, 2009 ). The paradigm of stromal cell targetting drugs are bisphosphonates, inhibitors of osteoclasts that are successfully used for the treatment of bone metastases. Selected examples of new targetted drugs under preclinical and clinical testing are tabulated in Bissell and Hines (2011) . Inhibitors of angiogenesis, such as the VEGF antibody bevasizumab (Delli Carpini et al., 2010) , have been most widely applied as reviewed in Dome et al. (2007) . Surprisingly, anti-angiogenic agents may promote invasive tumor growth and distant metastasis, a phenomenon termed adaptive-evasive response (Paeze-Ribes et al., 2009) . Hormetic dose-responses, producing bell-shaped or U-shaped in stead of sigmoidal curves, may explain this therapeutic failure (Reynolds, 2010) . CAFs present another target as reviewed by De Wever et al. (2008) . Macrophages are induced into apoptosis by a low inoculum of an attenuated strain of Shigella flexneri and this counteracts the progression of a transgenic mouse breast cancer (Galmbacher et al., 2010) .
Three. Current forms of therapy, surgery, chemotherapy, endocrine therapy and radiotherapy, may stimulate invasion and metastasis through effects on the cancer cells but also on the other elements of the ecosystem, as reviewed by Madani et al., (2008) and by Ceelen and Bracke (2009) . More recent publications have confirmed these observations, providing one possible explanation why advances in locoregional disease control are not followed by decrease in distant metastasis (Vala et al., 2010; De Bacco et al., 2011 ). An example is given in Fig. 6 .
Conclusions
Breast cancer, like other metastatic cancers, can be considered as a collection of interacting ecosystems implicating hundreds of molecules and their signalling pathways, tens of kinds of cells of the same and of different types and origins, and several sites in the body. These ecosystems resemble, yet must crucially differ, from the ones found in the developing mammary gland. There is experimental and clinical evidence to accept that manipulation of single elements in these ecosystems may change the course of the entire disease. The challenge is to find the key elements that distinguish between normal and cancer and that may be tested as targets for therapy. COSAR, R., UZAL, C., TOKATLI, F., DENIZLI, B., SAYNAK, M., TURAN, N., UZUNO-GLU, S., OZEN, A., SEZER, A., IBIS, K. et al. (2011) . Postmastectomy irradiation in breast in breast cancer patients with T1-2 and 1-3 positive axillary lymph nodes: Is there a role for radiation therapy? Radiat Oncol 6: 28. FARMER, P., BONNEFOI, H., ANDERLE, P., CAMERON, D., WIRAPATI, P., BECETTE, V., ANDRE, S., PICCART, M., CAMPONE, M., BRAIN, E. et al. (2009 
